The formation of droplets is ubiquitous in many natural and industrial processes and has reached an unprecedented level of control with the emergence of milli-and microfluidics. Although important insight into the mechanisms of droplet formation has been gained over the past decades, a sound understanding of the physics underlying this phenomenon and the effect of the fluid's flow and wetting properties on the droplet size and production rate is still missing, especially for the widely applied method of step emulsification. In this work, we elucidate the physical controls of microdroplet formation in step emulsification by using the wetting of fluidic channels as a tunable parameter to explore a broad set of emulsification conditions. With the help of highspeed measurements, we unequivocally show that the final droplet pinch-off is triggered by a Rayleigh-Plateau-type instability. The droplet size, however, is not determined by the RayleighPlateau breakup, but by the initial wetting regime, where the fluid's contact angle plays a crucial role. We develop a physical theory for the wetting process, which closely describes our experimental measurements without invoking any free fit parameter. Our theory predicts the initiation of the Rayleigh-Plateau breakup and the transition from dripping to jetting as a function of the fluid's contact angle. Additionally, the theory solves the conundrum why there is a minimal contact angle of α = 2π/3 = 120°for which droplets can form.
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droplet formation | microfluidics | surface wetting | contact angle | step emulsification M onodisperse microdroplets in designer emulsions introduce a new level of control and efficiency in many processes and applications. Examples are microreactors in chemical engineering (1), cell manipulation in biomedical systems (2, 3) , and the synthesis of functional materials (4-7). Contrary to droplet makers based on flow focusing (8, 9) , coflow (10-12), or T-junction approaches (13), the step emulsifiers (14-16) do not require a secondary flow to trigger the droplet breakup (14, 17, 18) . Thus, such devices are easier to control, less susceptible to perturbations (19) , and are more conveniently parallelized (17, 20) . While the robustness and parallelization potential of these devices enable new biomedical and materials technologies, the details of the physical mechanisms controlling the droplet breakup, the influence of surface wetting on the droplet diameter, and the transition from droplet dripping to jetting are not fully understood (21) (22) (23) (24) (25) (26) .
Here, we show that droplet formation by step emulsification occurs through the sequential dewetting of the dispersed fluid from the nozzle walls, followed by a droplet pinch-off via a RayleighPlateau-type instability. Although the Rayleigh-Plateau instability is responsible for the pinch-off, the formation of the neck and therefore the final droplet diameter is controlled by the initial wetting process, where the fluid's contact angle with the nozzle surface plays a crucial role. We develop a simple physical theory, which does not require a detailed knowledge of the hydrodynamics, but nonetheless accurately predicts the transition from dripping to jetting as a function of a rescaled capillary number.
To understand the breakup of a dispersed fluid into droplets, we combine theoretical modeling, microfluidic experiments, and 3D numerical simulations (SI Appendix). In a step emulsification device, droplets are created by injecting the dispersed phase through a shallow wedge-shaped channel into a reservoir which is deeper than the final droplet diameter and contains an immiscible continuous phase (Fig. 1, overview) . At the beginning of this process, the dispersed phase forms a tongue inside the nozzle. Fig. 1 (experiment, top) shows microscope images of the experiment together with the corresponding cross-sections through the horizontal midplane of the numerical simulations, Fig. 1 (simulations, top) . Once the tongue reaches the end of the nozzle, it expands into the reservoir forming a bulb ( Fig. 1 A, i) . Initially, this bulb remains connected to the main thread in the nozzle through a neck ( Fig. 1 A, ii) . A schematic vertical crosssection through the neck is shown in Fig. 1 (front) . The width of the neck continuously decreases ( Fig. 1 A, iii) until the thread finally ruptures at t = t b , forming a droplet ( Fig. 1 A, iv) . This flow regime of monodisperse droplet formation is called dripping. If the flow rate is too high the thread does not rupture, resulting in jetting of the dispersed phase ( Fig. 1 B, i and ii). In this regime, droplets are sheared off the bulb in an uncontrolled way, resulting in droplets of varying sizes.
The formation of the bulb is driven by the difference in Laplace pressure between the highly curved liquid interface inside the shallow channel and the less-curved interface generated as the dispersed phase expands into a spherical shape within the deeper reservoir (23) . Fig. 2A shows the pressure profile along the central axis of the nozzle extracted from 3D numerical simulations. The pressure drop between the neck, p n , and the
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Step emulsification is one of the few methods that enables upscaled production of droplets with a monodispersity desired for many industrial processes. However, the physical mechanisms of the droplet formation process are poorly understood. We study the droplet breakup by experiments and simulations and find a simple theory predicting the transition from dripping to jetting and the minimal contact angle of α = 2π/3 = 120°for which droplets form. These results have important consequences for the development and design of novel microfluidic systems and reactors that address the growing demand for tools to manipulate fluids at the submillimeter scale. bulb, p d , can be expressed by the difference in curvature of the fluid-fluid interface (27) :
where the off-plane curvature of the neck, κ n , is fixed by the channel height, h, and the contact angle (23, 28) , α, according to the relation (SI Appendix)
The in-plane curvature of the neck is significantly lower than the off-plane curvature and is therefore neglected here (SI Appendix). The curvature of the bulb κ d = 2/R n decreases during the filling process, reducing the pressure p d . Consequently, the pressure drop Δp rises and the flow Q out from the neck into the bulb increases. When Q out surpasses the flow into the nozzle Q in , the neck width w shrinks until it reaches a critical value of
This critical width corresponds to the minimum achievable width of the thread that still satisfies the surface wetting constraint (Eq.
2) and can be derived by simple geometric arguments ( Fig. 1 A, ii, front and SI Appendix). Once the thread detaches from the nozzle walls, the neck becomes unstable and rapidly collapses ( Fig. 1 A, iii) .
To investigate the dynamics of the collapse, we record the evolution of the fluid interface with up to 200,000 frames per second and compare the theoretical prediction of w crit (Eq. 3) with experimental results and numerical simulations ( Fig. 2 B  and C) . Fig. 2B shows how the neck width w decreases as a function of time relative to the breakup time, t b . Red squares indicate the experimental data and the corresponding simulations are marked in blue. In both cases the contact angle is around α = 150°. The power-law behavior of the RayleighPlateau regime can be clearly distinguished from the initial wetting regime. The instability is triggered when the neck detaches from the nozzle walls, forming a free thread at a neck width w crit (α = 150°) ∼ 0.6 h, consistent with Eq. 3. The fact that the initiation of the breakup coincides with the predicted neck width of w crit for both experiment and simulation (Fig. 2B , orange arrow) strongly supports our simple model. Experiments and simulations performed for different contact angles show that w crit can be well described by the proposed theory (Fig. 2C) .
The power-law scaling of the instability indicates a RayleighPlateau-type breakup, where the neck width w ∼ j t b − t j ξ follows a finite time singularity with exponent ξ = 1/2. In the classic, inertia-dominated Rayleigh-Plateau breakup of a free liquid thread, the scaling exponent of the power-law collapse is 2/3 A B The front panels show a schematic view of the cross-section through the neck. The thread detaches from the top and bottom of the nozzle at time t b − t = t crit resulting in a critical neck width w crit . After the neck is fully disconnected from the nozzle walls the free thread collapses in a Rayleigh-Plateautype breakup. (29, 30) . The difference between the breakup in the nozzle and the classical Rayleigh-Plateau scaling suggests that both viscous and inertial forces may affect the final stage of the breakup (31) . While the Rayleigh-Plateau-type instability is responsible for the final pinch-off, the growth of the bulb and therefore the final droplet size is dominated by the wetting regime. Fig. 2B (Inset) shows the same data as in the main figure but on a linear scale. In the wetting regime, the neck width decreases linearly with time analogous to the thinning of a viscous thread (31) . This supports the assumption that the filling of the bulb is controlled by an equilibrium between viscous forces and surface tension (17, 32) .
Next, we examine the effect of surface wetting on the dripping-to-jetting transition of the step emulsification process. This transition is highly relevant for practical applications, since it determines the maximum throughput rate that can be achieved during the production of monodisperse droplets by dripping (26, 33) . To trigger the formation of droplets in a step emulsification device, the nozzle must be depleted faster than the thread is refilled (Q in < Q out ) resulting in a decreasing neck width w over time. If the flow into the nozzle balances the outflow, Q in = Q out , before reaching the critical width w crit (Eq. 3), the neck cannot shrink sufficiently to trigger the RayleighPlateau breakup. In this case, the bulb continues to grow without forming a droplet, resulting in jetting of the dispersed phase (Fig. 1B) . To identify the parameters that control this transition, we estimate and compare the magnitudes of Q in and Q out at the critical moment when the thread reaches the minimum possible neck width w crit (for details see SI Appendix). In a first approximation, the filling of the bulb at this point in time can be described by the Hagen-Poiseuille equation (34), p n − p d = R H ·Q out . Here, R H is a hydrodynamic resistance determined by the geometry of the thread inside the nozzle (SI Appendix, Fig. S1 ). The filling of the nozzle is described in terms of the dimensionless capillary number, Ca = (Q in η)/(h 2 γ), with η being the viscosity of the dispersed phase. Considering that Q in < Q out is necessary to ensure that the neck detaches and droplets are formed by dripping, the condition for the transition from dripping to jetting can be expressed as a constraint on the capillary number (SI Appendix):
To test this prediction, we perform experiments and 3D numerical simulations for various combinations of contact angles at different capillary numbers (Fig. 3A) . The variation of the contact angles over a wide range of values is possible by taking advantage of the chemical robustness and surface tunability of glass (20) . Contrary to polymeric microfluidic devices, such as polydimethylsiloxane (PDMS) or poly(methyl methacrylate) (PMMA), glass devices do not only allow one to use almost any solvent, but also enable a wide range of surface functionalizations to modify the contact angle without the need to change the solvents (20) . This flexibility of glass devices opens the possibility for a systematic investigation of the physics underlying the step emulsification process and provides an additional control parameter for the high-throughput formation of designer droplets (17, 20) (SI Appendix). The comparison of the theoretical prediction (orange curve, Fig. 3A ) with our data shows that the critical capillary number Ca crit given by Eq. 4 describes remarkably well the dripping-to-jetting transition for both experiments (squares) and numerical calculations (circles). It is important to note that the flow rates of the experiments are determined by averaging droplet volumes over several dripping events within a given time span. Hence the critical capillary number for the jetting transition can only be estimated experimentally with some uncertainty. This explains some of the inconsistencies between the experimental data and the theoretical prediction close to the jetting transition. Another direct consequence of our theory (Eq. 4) is the explanation of a lower bound for the contact angle to form droplets by dripping, namely α > 2π/3 = 120°. This threshold has been observed in our experiment and others (35) . For contact angles smaller than 120°the pressure drop between the neck and the bulb becomes zero, thus removing the driving force for droplet formation by dripping. walls. On a smooth glass surface, hexane forms a contact angle of 116°with water which is below the 120°threshold, and thus emulsification is not observed, Fig. 3B (Top) . However, the nozzle surface can be roughened through silica nanoparticle coating which increases the contact angle above 120°. This simple change enables the creation of monodisperse droplets that would not form otherwise (Fig. 3B, Bottom) .
Both experiments and simulations also indicate a clear dependence of the droplet size on the contact angle (Fig. 4A) , while for small capillary numbers the droplet size is independent of the applied flow rates (Fig. 4B) . The scaling of the droplet size with contact angle for small capillary numbers can be derived by combining Eqs. 1 and 2 to determine the relative pressure drop Δp=p d = ½d cosðπ-αÞ=2h-1 between the neck and the bulb. During the entire dewetting process this pressure difference drives the motion of the thread and remains relatively low (∼10 −3 , SI Appendix, Fig. S4 ). Thus, in a first approximation Δp/p d can be neglected and the droplet diameter, d, scales as (SI Appendix) d ≈ h=cosðπ -αÞ.
[5]
A similar dependence on the contact angle can be found if an energy balance approach similar to that proposed by Li et al. (16) is used to establish a lower bound for d (SI Appendix).
We evaluate the validity of this scaling relation by measuring the droplet diameter in the dripping regime for low capillary numbers (Ca < 3.5 × 10
) as a function of the contact angle (Fig. 4C) . Indeed, the droplet size is found to be well described by the scaling relation proposed by Eq. 5. The blue solid line marks the minimal drop diameter predicted by the energy balance approach (SI Appendix) and the dashed line fits the proportionality from Eq. 5 to our data.
The scaling relation of Eq. 5 is only valid at low capillary numbers, where the droplet diameter is controlled by the contact angle independent of the applied flow rate. When approaching the jetting transition, the droplet size rapidly grows beyond the values expected at lower capillary numbers (Fig. 4B) . Indeed, the largest droplet diameters in Fig. 4B mark the transition between droplet formation by dripping and jetting. Rescaling the capillary number with the critical value Ca crit (Eq. 4) collapses the location of the dripping-to-jetting transition to a constant, Ca/Ca crit = 1. Using additionally the scaling of the droplet diameter with α (Eq. 5), a single master curve for the droplet size as a function of Ca is obtained (Fig. 4D) . With this collapse, our model can be used to describe the effect of the wetting angle on both the droplet diameter and the dripping-to-jetting transition for a wide range of experimental conditions. Our results demonstrate that controlling the wetting conditions during droplet formation not only allows a precise manipulation of the droplet diameter, but also the emulsification of fluids. Additionally, we show that the throughput of microfluidic droplet makers can be enhanced considerably by increasing the surface wetting angle. Augmenting for example the contact angle of a droplet maker with hexadecane and water by only 10°almost doubles its production rate. These findings greatly aid the development and design of novel microfluidic systems and reactors that address the growing demand for tools to manipulate fluids at the submillimeter scale in chemical engineering (1, 36) and biological and medical research (2) (3) (4) (5) . 
